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Reolysin is a novel reovirus-based agent that induces 
endoplasmic reticular stress-mediated apoptosis 
in pancreatic cancer 

JS Carew 1 , CM Espitia 1 , W Zhao 1 , KR Kelly 1 , M Coffey 2 , JW Freeman 1 and ST Nawrocki*' 1 

Activating mutation of KRas is a genetic alteration that occurs in the majority of pancreatic tumors and is therefore an ideal 
therapeutic target. The ability of reoviruses to preferentially replicate and induce cell death in transformed cells that express 
activated Ras prompted the development of a reovirus-based formulation for cancer therapy called Reolysin. We hypothesized 
that Reolysin exposure would trigger heavy production of viral products leading to endoplasmic reticular (ER) stress-mediated 
apoptosis. Here, we report that Reolysin treatment stimulated selective reovirus replication and decreased cell viability in 
KRas-transformed immortalized human pancreatic duct epithelial cells and pancreatic cancer cell lines. These effects were 
associated with increased expression of ER stress-related genes, ER swelling, cleavage of caspase-4, and splicing of XBP-1. 
Treatment with ER stress stimuli including tunicamycin, brefeldin A, and bortezomib (BZ) augmented the anticancer activity of 
Reolysin. Cotreatment with BZ and Reolysin induced the simultaneous accumulation of ubiquitinated and viral proteins, 
resulting in enhanced levels of ER stress and apoptosis in both in vitro and in vivo models of pancreatic cancer. Our collective 
results demonstrate that the abnormal protein accumulation induced by the combination of Reolysin and BZ promotes 
heightened ER stress and apoptosis in pancreatic cancer cells and provides the rationale for a phase I clinical trial further 
investigating the safety and efficacy of this novel strategy. 
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Current treatments for pancreatic cancer have little effect on 
the aggressive course of this disease. The 5-year survival rate 
remains at only 5%, and new approaches are urgently needed 
to improve the survivorship of patients with pancreatic cancer. 
A better understanding of the biology of pancreatic cancer will 
enable the design of more effective therapeutic strategies to 
improve clinical outcomes for patients. Constitutive Ras 
signaling is a prevalent phenomenon that occurs in diverse 
tumor types and is associated with transformation, prolifera- 
tion, and reduced sensitivity to conventional chemotherapy. 1 
Activating mutations in the Ras gene are present in 90% of all 
cases of pancreatic cancer and have been linked to many 
aspects of the pathogenesis of this disease. 2 ' 3 Given this, 
mutant Ras is a very attractive target for selective pancreatic 
cancer therapy. 

Reoviruses are naturally occurring viruses that are non- 
pathogenic and have been reported to specifically replicate in 
cancer cells with an activated Ras pathway but not in normal 
tissue. 4-6 To take advantage of this observation therapeuti- 
cally, the reovirus-based anticancer agent Reolysin was 



recently developed and has already progressed into clinical 
trials, 7-11 but its mechanism(s) of action remains unclear. 
The preferential replication of reovirus in transformed cells 
with activated Ras is due to the inhibition of double-stranded 
RNA-activated protein kinase (PKR) activity. 12,13 In untrans- 
formed (normal) cells, PKR is autophosphorylated and 
activated by viral products, which leads to phosphorylation 
of the eukaryotic initiation factor 2 a-subunit (eif2a) and 
inhibition of viral protein synthesis. Phosphorylation of eif2a 
activates a signaling pathway termed the integrated stress 
response where upregulation of activating transcription factor 
4 (ATF4) is a key mediator. Activation of Ras inhibits PKR and 
subsequent eif2a phosphorylation and therefore allows 
translation to continue, resulting in an accumulation of viral 
particles inside cancer cells. We hypothesized that 
unchecked viral replication in Ras-activated pancreatic 
cancer cells would promote endoplasmic reticular (ER) stress 
and apoptosis. 

In our previous studies, we demonstrated that treatment 
with the proteasome inhibitor bortezomib (BZ) generated a 
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substantial accrual of ubiquitin-conjugated proteins and 
induced ER stress-mediated apoptosis in both in vitro and 
in vivo models of pancreatic cancer. 14-16 Considering that 
abnormal protein buildup can trigger pancreatic cancer cell 
death, the simultaneous accumulation of ubiquitinated 
proteins and viral products may be especially toxic to 
pancreatic cancer cells. Furthermore, the high protein synth- 
esis rates of pancreatic cancer cells with activated Ras 
compared with the low protein synthesis rates of normal cells 
suggest that this therapeutic strategy may selectively kill 
pancreatic cancer cells via ER stress-mediated cell death. In 
this study, we demonstrate that Reolysin induces an accumu- 
lation of viral products in pancreatic cancer cells with activated 
Ras, which results in ER stress and apoptosis. Further 
stimulation of ER stress with conventional ER stress-inducing 
agents (i.e., tunicamycin) or BZ augments the anticancer 
activity of Reolysin in both in vitro and in vivo models of 
pancreatic cancer. 



Results 

Reovirus selectively replicates in KRas-transfected 
immortalized pancreatic epithelial cells. Reovirus has 
been reported to selectively replicate in cancer cells with an 
activated Ras pathway. 12 ' 17 ' 18 To investigate potential 
Ras-dependent selective replicative capacity in pancreatic 
cells, we quantified the levels of reovirus in control (KRas 
negative) and KRas-transfected immortalized normal pan- 
creatic epithelial (human pancreatic nestin expressing 
(HPNE)) cells following treatment with Reolysin (Figure 1a). 
As expected based on earlier studies conducted in other 
cell types, exposure to Reolysin resulted in preferential 
reovirus replication in KRas-positive HPNE cells (Figure 1b). 
Consistent with the high abundance of viral proteins in the 
KRas-transfected cells, Reolysin treatment induced the 
expression of ER stress-related genes, including GRP78/ 
BiP, GADD34, and CHOP, and also increased the levels of 
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Figure 1 Reovirus preferentially replicates in KRas-transfected immortalized normal human pancreatic epithelial cells, (a) KRas transfected HPNE cells. Immunoblotting 
demonstrates KRas levels in HPNE cells, (b) Reovirus replicates preferentially in HPNE-KRas cells. Cells were treated with Reolysin for 48 h and stained with an anti-reovirus 
antibody. Immunocytochemistry reveals reovirus replication in KRas-transfected cells. Fluorescent intensity was quantified in HPNE and HPNE-KRas cells using Image-Pro 
Plus software version 6.2.1. Mean ± S.D., n = 5. Indicates a significant difference compared with HPNE-vector cells, (c) KRas-transfected cells display higher levels of ER 
stress-related gene expression that can be further induced with reovirus exposure. HPNE-vector and HPNE-KRas cells were treated with 100 plaque-forming units (PFU)/cell 
Reolysin for 48 h. Gene expression was determined by qRT-PCR. Mean ± S.D., n = 3. Represents a significant difference compared with vector control cells. Indicates a 
significant difference compared with corresponding controls, (d) HPNE-KRas cells are sensitive to Reolysin-mediated cell death. Cells were treated for 72 h with the indicated 
concentrations of Reolysin, and cell viability was determined by MTT assay (left panel). Cells were treated for 48 h with Reolysin, and apoptosis was measured by PI-FACS 
analysis (right panel). Mean ± S.D., n=3. Indicates a significant difference compared with HPNE-vector cells treated with the same concentration of Reolysin P<0.05 
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the spliced form of XBP-1, suggesting induction of ER stress 
(Figure 1c). Notably, the basal levels of all of these genes 
were significantly higher in the KRas-expressing cells, 
indicating that cells with activated Ras may be under 
constitutive ER stress (Figure 1c). Measurement of other 
chaperones, including calreticulin, PDI, and ERp57, revealed 
that the levels were also significantly higher in KRas- 
transfected cells (Supplementary Figure 1). However, only 
ERp57 was significantly induced following Reolysin treat- 
ment. Interestingly, BiP, GADD34, CHOP, and ERp57 levels 
were also increased in HPNE vector cells treated with 
Reolysin, albeit to a much lesser degree than in KRas- 
expressing cells. These data suggest that reovirus infection 
may also induce some degree of ER stress in wild-type Ras 
cells. This is not surprising as these non-transformed cells 
are not completely impervious to reovirus infection. Given 
that KRas-transfected cells have higher basal levels of ER 
stress than wild-type cells, further induction of ER stress with 
Reolysin may trigger a threshold point leading to apoptosis. 
In agreement with the elevated reovirus replication and ER 
stress induction we observed in KRas-transfected cells, 
Reolysin treatment selectively reduced cell viability and 
induced apoptosis in the HPNE-KRas cells compared with 
that in HPNE controls (Figure 1d). 

Reolysin induces ER stress and apoptosis in pancreatic 
cancer cells. Given that reovirus has been reported to 
preferentially replicate in cells with an activated Ras pathway 
and that Ras is mutated in the majority of pancreatic cancers, 
we hypothesized that Reolysin may have significant activity 
against this tumor type. We first evaluated the ability of 
reovirus to replicate in the KRas-mutant Panc-1 pancreatic 
cancer cell line. Immunocytochemistry and electron micro- 
scopy revealed a large intracellular accumulation of reovirus 
following 48 h treatment with Reolysin (Figure 2a). Prior 
studies show that reovirus does not activate PKR in 
Ras-mutated cells. We investigated whether this was also 
true for PKR-like endoplasmic reticulum kinase (PERK). 
Immunoblotting demonstrated that Reolysin treatment does 
not result in PERK or eif2a phosphorylation (Figure 2b), 
which is consistent with reovirus exposure not suppressing 
translation in pancreatic cancer cells. However, transmission 
electron microscopy demonstrated significant ER swelling, 
indicating that ER stress may be induced in reovirus-infected 
cells (Figure 2c). In agreement with this observation, reovirus 
infection led to a dose-dependent increase in intracellular 
calcium levels (Figure 2d). Moreover, reovirus exposure 
significantly increased the expression of ER stress-related 
genes including GRP78/BiP, XBP-1 s, GADD34, and CHOP/ 
GADD153 in the Panc-1 pancreatic cancer cell line in a 
manner that was consistent with our gene expression data 
obtained in Reolysin-treated HPNE-KRas cells (Figure 2e). 
However, no significant induction in other chaperone proteins 
(calreticulin, PDI, and ERp57) was observed (Supplementary 
Figure 2), indicating that reovirus infection may selectively 
induce BiP chaperone protein expression. Similar results 
were demonstrated by immunoblotting (Figure 2f), which 
showed that CHOP, GADD34, and BiP were significantly 
induced following Reolysin treatment. Collectively, 
these data demonstrate that Reolysin treatment induces 



many of the hallmark features of ER stress in pancreatic 
cancer cells. 

We next evaluated the anticancer activity of Reolysin 
in a panel of human pancreatic cancer cell lines. 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay demonstrated a dose-dependent decrease in 
cell viability following Reolysin treatment in four KRas-mutant 
cell lines (Figure 3a). To investigate whether apoptotic cell 
death contributed to the decreased viability we observed 
following Reolysin exposure, we measured caspase-3 clea- 
vage and DNA fragmentation by immunoblotting and propi- 
dium iodide fluorescence-activated cell sorting (PI-FACS) 
analysis (Figures 3b and c). Both of these experiments 
revealed that Reolysin treatment triggered significant levels of 
apoptosis. Earlier investigations have demonstrated that 
apoptosis following ER stress in humans may be initiated 
via activation of the ER-resident caspase-4. 14,19 Here, we 
show that caspase-4 is cleaved to its active form after 
Reolysin treatment, suggesting that ER stress-mediated 
apoptosis may significantly promote cell death following 
reovirus infection (Figure 3b). 

ER stress inducers augment the anticancer activity of 
Reolysin. Reolysin is currently in clinical trials for the 
treatment of many cancer types, including pancreatic cancer. 
We hypothesized that further stimulation of ER stress may 
augment the anticancer activity of Reolysin. To test this 
hypothesis, we treated Panc-1 cells with two well-established 
ER stress inducers, brefeldin A and tunicamycin, in the 
presence or absence of Reolysin (Figure 3d). Both of these 
agents significantly enhanced the pro-apoptotic activity of 
Reolysin, demonstrating that agents that stimulate ER stress 
may be useful for combination therapy with Reolysin. 

Proteasome inhibitors have been previously reported to 
induce ER stress via the accumulation of undegraded 
ubiquitinated protein aggregates. 14 ' 16 ' 20-22 We hypothesized 
that the simultaneous accumulation of ubiquitinated aggre- 
gates and viral products in cells treated with Reolysin and the 
proteasome inhibitor BZ would result in heightened levels of 
ER stress and apoptosis. Reovirus and ubiquitinated protein 
accumulation was visualized by confocal and electron 
microscopy. The combination of Reolysin and BZ led to a 
dual accumulation of reovirus and ubiquitinated proteins in 
pancreatic cancer cells that was markedly greater than the 
protein buildup that was achieved by either monotherapy 
(Figures 4a and b). Consistent with the high levels of viral and 
ubiquitinated proteins present inside these cells, simulta- 
neous treatment with Reolysin and BZ significantly reduced 
pancreatic cancer cell viability and augmented apoptosis 
(Figures 4c and d). 

Reolysin and BZ cooperate to stimulate increased 
ER stress-mediated apoptosis. To further characterize 
the pharmacodynamic effects of Reolysin and BZ on 
pancreatic cancer cells, we measured markers of ER stress 
following single-agent and combination treatments. As the 
ER is the major intracellular calcium store, agents that 
stimulate ER stress frequently promote an increase in 
cytosolic calcium levels that occurs due to the inability of 
stressed ER to retain this important ion. Consistent with this 
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Figure 2 Reolysin induces ER stress, (a) Reovirus replication in Panc-1 cells. Cells were treated with 1 00 PFU/cell Reolysin for 48 h. Reovirus replication was detected by 
immunocytochemistry and electron microscopy, (b) Reolysin does not promote PERK or eif2a phosphorylation. Panc-1 cells were treated with 100 PFU/cell Reolysin for 24 
and 48 h or with 5 /43/ml tunicamycin (24 h) as a positive control. Proteins were detected by immunoblotting. (c) Reolysin promotes ER swelling. Panc-1 cells were treated with 
100 PFU/cell Reolysin for 48 h, and ER morphology was visualized by electron microscopy. Arrows denote endoplasmic reticulum, (d) Reolysin treatment increases 
intracellular calcium levels. Panc-1 cells were treated with the indicated amounts of Reolysin for 1 6 h, and intracellular calcium levels were detected by calcium green-1 staining 
and flow cytometry. Mean ± S.D., n=3. 'Represents a significant difference compared with controls, (e) qRT-PCR analysis of BiP, GADD34, CHOP, and XBP-1s expression 
in Panc-1 cells. Cells were treated with 100 PFU/cell Reolysin for 24 and 48 h and then harvested for analysis. Levels of mRNAs were standardized to the expression of 
GAPDH. Mean ± S.D, n=3. Indicates a significant difference from the control. P<0.05. (f) Immunoblotting analysis of CHOP, GADD34, BiP, PDI, ERp57, and calreticulin. 
Panc-1 cells were treated with 100 PFU/cell Reolysin for 24 or 48 h. ER-related protein expression was measured by immunoblotting 



phenomenon, both Reolysin and BZ single-agent treatment 
increased cytosolic calcium levels. This effect was further 
enhanced by the combination of both agents (Figure 5a). In 
addition, quantitative real-time PCR (qRT-PCR) demon- 
strated that the levels of GRP78/BiP, XBP-1s, GADD34, 
and CHOP were all significantly induced by each single 
agent and further increased by combination therapy 
(Figure 5b). As expected, caspase-4 cleavage was also 
increased following Reolysin and BZ treatment and directly 
correlated with enhanced cleavage of caspase-3 (Figure 5c). 
To establish the mechanistic role of caspase-4 in Reolysin- 



and BZ-induced apoptosis, siRNA was used to knockdown 
its expression (Figure 5d). Cells with reduced caspase-4 
levels were significantly less sensitive to apoptosis induced 
by Reolysin, BZ, or the combination (Figure 5d). To further 
show that Reolysin and BZ stimulate ER stress, we 
measured the levels of caspase-12, an ER-resident caspase 
that is required for ER stress-mediated apoptosis in murine 
cells. 23 Consistent with our earlier data generated in human 
pancreatic cancer models, treatment with the Reolysin and 
BZ combination resulted in a strong increase in caspase-12 
cleavage in murine L929 fibrosarcoma cells. In addition, the 
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combination induced significantly greater levels of apoptosis 
in these cells compared with either single-agent treatment 
(Supplementary Figure 3). 

BZ augments the activity of Reolysin in vivo. We next 
conducted a xenograft study to investigate the potential 
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therapeutic benefit of the Reolysin and BZ combination. 
A mouse model of pancreatic cancer was generated by 
implanting Panc-1 cells into nude mice. Tumor-bearing 
animals were randomized into treatment groups and admi- 
nistered vehicle (PBS), 0.5 mg BZ per kg intravenous (i.v.) 
Q3D, 5 x 10 8 TCID 50 Reolysin i.v. Q7D, or both agents for 5 
weeks. Treatment with either single agent significantly 
antagonized tumor progression (Figure 6a, left). However, 
the Reolysin and BZ combination led to a dramatic decrease 
in tumor burden (Figure 6a, left) that was markedly greater 
than what was achieved with either monotherapy. Moreover, 
the combination treatment was well tolerated as no 
significant animal weight loss was observed at the comple- 
tion of the study (day 38) (Figure 6a, right). We next 
evaluated whether we could detect the presence of reovirus 
inside Panc-1 tumors treated with the combination. Consis- 
tent with our in vitro data, reovirus was readily detected in 
Reolysin-treated tumors by electron microscopy (Figure 6b). 
Notably, reovirus was present to an equivalent extent in 
tumors treated with Reolysin alone and Reolysin plus BZ, 
suggesting that BZ does not alter reovirus replication. In 
agreement with our related in vitro assays, immunohisto- 
chemical analysis of tumor sections revealed a significant 
increase in BiP expression (Figure 6c) and apoptosis 
(Figure 6d) in mice treated with Reolysin and BZ. Collec- 
tively, these data provide evidence that Reolysin induces 
ER stress and possesses significant activity in models 
of Ras-activated pancreatic cancer that can be augmented 
via further induction of ER stress with BZ. 
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Discussion 

Reovirus is an oncolytic virus that has been reported to 
selectively replicate in cells with an activated Ras path- 
way. 12,13 Given the very high prevalence of Ras mutations in 
pancreatic cancer, patients with KRas-positive pancreatic 
tumors may be intrinsically sensitive to reovirus treatment. 
The results of our current investigation are consistent with 
previous findings in different cancer types that also demon- 
strated that reovirus preferentially replicates in Ras-trans- 
formed cells. 12,17 ' 24 ' 25 Our data show that reovirus selectively 
replicated in KRas-transfected normal pancreatic epithelial 
cells versus KRas-negative HPNE cells, indicating that Ras 
activity is a key determinant regulating Reolysin sensitivity. 
Although it is clear that Reolysin possesses significant activity 

< 

Figure 3 Reolysin promotes caspase-4 processing and apoptosis and 
sensitizes cells to ER stress-mediated apoptosis. (a) Reolysin decreases cell 
viability in a panel of pancreatic cancer cell lines. Cells were treated with the 
indicated concentrations of Reolysin for 72 h. Cell viability was measured by MTT 
assay. Mean±S.D., n=3. (b) Reolysin promotes cleavage of caspase-4 and 
caspase-3. Panc-1 cells were treated with the indicated concentrations of Reolysin 
for 48 h, and caspase cleavage was measured by immunoblotting. Arrows denote 
cleaved caspase-4 fragments, (c) Reolysin induces apoptosis. Panc-1 and CFPAC- 
1 cells were treated with Reolysin for 48 h. Apoptosis was measured by PI-FACS 
analysis. Mean±S.D., n=3. Indicates a significant difference compared with 
controls, (d) Reolysin augments ER stress-mediated apoptosis. Panc-1 cells were 
treated for 48 h with 300 PFU/cell Reolysin, 5 ^g/ml tunicamycin, 5 (M brefeldin A, 
and combinations. Mean ± S.D., n= 3. Indicates a significant difference compared 
with controls; ^indicates a significant difference compared with either single-agent 
treatment P<0.05 
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Figure 4 Reolysin augments the anticancer activity of BZ. (a and b) Reolysin and BZ stimulate reoviral and ubiquitinated protein accumulation. Cells were treated with 
1 00 PFU/cell Reolysin and 1 0 nM BZ for 48 h. Protein accumulation was visualized by (a) immunocytochemistry and (b) electron microscopy. Red arrows indicate ubiquitinated 
protein aggregates, and green arrows depict reovirus replication, (c) Reolysin and BZ reduce cell viability. Pancreatic cancer cells were treated with 100 PFU/cell Reolysin and 
10 nM BZ for 72 h. Cell viability was measured by MTT assay. Indicates a significant difference from controls and **denotes a significant difference compared to either single 
agent treatment group (P<0.05). (d) Reolysin and BZ induce apoptosis. Cells were treated with 100 PFU/cell Reolysin and 10 nM BZ for 48 h. Apoptosis was determined by 
PI-FACS analysis. Mean ± S.D., n=3. 'Represents a significant difference from controls. ^Indicates a significant difference compared with single-agent treatment groups 
P<0.05 



against Ras-activated cancer cells, the exact mechanisms of 
Reolysin-mediated cell death need further investigation. In 
this study, we show that reovirus accumulation stimulates 
many of the hallmark features of ER stress, including ER 
swelling, increased cytosolic calcium levels, elevated expres- 
sion of ER stress-related genes, and processing of the 
ER-resident capase-4. Previous studies have shown that 
processing of caspase-4 is a signature characteristic of ER 
stress-mediated apoptosis in human cells. 14 ' 19 ' 26 Further 
analysis revealed that knockdown of caspase-4 significantly 
reduced Reolysin-induced apoptosis, demonstrating that 
stimulation of ER stress is an important mediator of cell death 
following reovirus infection. In addition, our results suggest 



that cells with high Ras activity may be under constitutive ER 
stress as the introduction of KRas to pancreatic epithelial cells 
increased the basal expression of several ER stress-related 
genes. Although reovirus infection also increased some ER 
stress-related gene expression levels in wild-type Ras cells, it 
was not associated with reduced cell viability or increased 
apoptosis. Therefore, Ras-activated cells may be under 
constitutive ER stress, and further stimulation of ER stress 
with Reolysin may push the cells beyond a threshold point, 
resulting in ER stress-mediated apoptosis. These results are 
consistent with prior reports demonstrating that oncogenic 
Ras activation disrupts cellular redox status and induces ER 
stress. 27 ' 28 
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Figure 5 Reoiysin enhances BZ-mediated ER stress and apoptosis. (a) The Reoiysin and BZ combination increases intracellular calcium levels. Cells were treated with 
1 00 PFU/cell Reoiysin and 1 0 nM BZ for 1 6 h, and intracellular calcium levels were detected by calcium green-1 staining and flow cytometry. Mean ± S.D., n = 3. 'Represents 
a significant difference compared with controls, and ^indicates a significant difference compared with either single-agent treatment, (b) Reoiysin augments BZ-induced 
increases in ER stress-related gene expression. Panc-1 cells were treated with 1 00 PFU/cell Reoiysin and 1 0 nM BZ for 48 h and then harvested for analysis. Levels of mRNA 
were standardized to the expression of GAPDH. Mean ± S.D., n = 3. Indicates a significant difference from the control. ^Indicates a significant difference compared with 
single-agent treatment groups, (c) Reoiysin enhances BZ-mediated cleavage of caspase-4 and caspase-3. Cells were treated with 100 PFU/cell Reoiysin and 10 nM BZ for 
48 h. Caspase cleavage was measured by immunoblotting. Arrows denote caspase-4 cleavage fragments, (d) Knockdown of caspase-4 reduces Reoiysin- and BZ-induced 
apoptosis. siRNA-mediated knockdown of caspase-4 was determined by immunoblotting at 72 h post transfection. Cells were treated with Reoiysin and BZ 24 h post 
transfection for 48 h. Apoptosis was measured by PI-FACS analysis. Mean ± S.D., n= 3. Indicates a significant difference compared with non-target-transfected cells treated 
under the same conditions P<0.05 



Although Reoiysin has significant anticancer activity when 
administered as a monotherapy, several preclinical and 
clinical studies suggest that it may be best utilized in 
combination with standard chemotherapy. 29-31 To select the 
optimal partner agents for combination chemotherapy, it is 
important to understand the mechanisms underlying the 
anticancer activity of Reoiysin. Based on our initial data 
demonstrating that Reoiysin stimulates ER stress, we 
hypothesized that classical ER stress inducers tunicamycin 
and brefeldin A and the proteasome inhibitor BZ would 
augment Reolysin-mediated apoptosis through further ER 
stress induction. In agreement with this hypothesis, all three 
agents significantly enhanced Reolysin-mediated apoptosis. 
We focused our subsequent experiments on the combination 
of Reoiysin and BZ as BZ is an FDA-approved drug for cancer 
therapy. Reoiysin in combination with BZ induced high 
levels of ER stress due to the dual accumulation of both 



ubiquitin-conjugated protein aggregates and viral protein 
products. Importantly, the high levels of proteotoxicity caused 
by this combination resulted in enhanced caspase-4/caspase- 
12 processing and apoptosis. 

To further evaluate the potential benefit of this therapeutic 
approach, we conducted a xenograft study using the Panc-1 
tumor model. Consistent with our in vitro data, a dramatic 
reduction in tumor burden was noted in animals treated with 
the combination of Reoiysin and BZ compared with that in 
animals treated with either single-agent therapy. In addition, 
the combination was very well tolerated, with no significant 
animal weight loss or other toxicity observed in the combina- 
tion-treated mice. Analysis of tumor samples revealed an 
increase in ER stress and apoptosis in the combination- 
treated tumors. This therapeutic approach is consistent with a 
prior study demonstrating that inhibition of the unfolded 
protein response (UPR) mediator IRE1 improved the efficacy 
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Figure 6 The combination of Reolysin and BZ strongly reduces tumor burden in the Panc-1 xenograft model, (a) Panc-1 cells (1 x 10 7 per mouse) were injected into the 
flanks of nude mice. When tumors reached approximately 150 mm 3 in size, mice were randomized into groups and treated with 0.5 mg BZ per kg Q3D, 5 x 10 8 TCID 50 
Reolysin Q7D, or both agents for 5 weeks. Tumors were measured twice weekly. Mean ± S.E.M., n = 8. Indicates a significant difference compared with vehicle, or 
^indicates a significant difference compared with either single-agent treatment. P< 0.05. Reolysin and BZ are well tolerated in vivo. Animal body weight was determined at the 
end of the study (day 38) to quantify drug-induced weight loss. Mean ± S.D., n = 8. (b) Reovirus replicates in tumors in vivo. Electron microscopy was performed on tumors 
collected from Reolysin-treated animals and revealed the presence of reovirus. Images shown were taken from an animal treated with the Reolysin + BZ combination. Arrows 
denote the presence of reovirus. Similar results were observed in mice treated with Reolysin alone, (c) Reolysin and BZ increase BiP expression. BiP expression was 
measured by IHC, and staining intensity was quantified using ImageJ software. Indicates a significant difference compared with controls, and **denotes a significant 
difference compared with either single-agent treatment group (P< 0.05). (d) Apoptosis was measured by TUNEL staining. Quantification was conducted by manually counting 
TUNEL-positive cells. Mean ± S.D., n = 5. Indicates a significant difference compared with controls, and ''represents a significant difference compared with single-agent 
treatments P<0.05 



of the oncolytic virus, rhabdovirus. 32,33 In this study, a 
synthetic lethal RNAi screen identified that rhabdovirus 
induced a cytoprotective ER stress response through signal- 
ing via the ATF6 and IRE1 pathways. Mild induction of ER 
stress activates the UPR that results in increased expression 
of chaperone proteins to interact with misfolded proteins, 
inhibition of protein synthesis, and enhanced proteasome 
degradation, which collectively relieve ER stress. 34 ' 35 
However, high levels of ER stress result in apoptosis through 



activation of caspase-4 or caspase-12. Our approach differs 
from this study in that rather than inhibiting cytoprotective 
UPR pathways to increase ER stress, we sought to induce 
high levels of proteotoxicity to overwhelm the UPR, resulting 
in enhanced ER stress and Reolysin efficacy. Collectively, 
these studies demonstrate that oncolytic viral cancer therapy 
can be augmented by other ER stress stimuli. 

The antineoplastic activity of reovirus has been investigated 
in combination with various standards of care agents, 
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including cyclophosphamide, gemcitabine, cisplatin, 
paclitaxel, and radiation therapy in earlier studies. 30 ' 36-38 
A Reolysin-based combination with platinum- and taxane- 
based therapy has proven to be especially effective and has 
advanced into a phase 1 1 1 clinical trial in patients with head and 
neck cancer. 11,39-41 Although these standard agents 
have multifaceted mechanisms of action that contribute to 
their anticancer activity, both have been shown to stimulate 
ER stress. 16 ' 42 ' 43 Our data in pancreatic cancer models 
suggest that platinum- and taxane-triggered ER stress may 
significantly contribute to the efficacy of this combination. 
This possibly warrants further investigation. 

Although Reolysin has demonstrated promising activity in 
several clinical trials, reovirus monotherapy may be insuffi- 
cient to optimally manage aggressive pancreatic tumors. 
Considering this, Reolysin may ultimately be most effective 
when used in combination with other forms of cancer therapy. 
Our results highlight that induction of ER stress is an important 
component of Reolysin-mediated apoptosis and that further 
stimuli of this stress response significantly augment Reoly- 
sin's activity. Our collective findings indicate that this type of 
ER-targeted approach may be especially effective against 
Ras-activated cancers due to the propensity of reovirus to 
preferentially replicate in these tumors combined with its 
intrinsic sensitivity to ER stress. Clinical trials on combination 
therapy of Reolysin with BZ or other agents that induce ER 
stress are warranted for the treatment of pancreatic cancer 
and other malignancies that may be hypersensitive to ER 
stress-mediated apoptosis. 

Materials and Methods 

Animals and cell lines. The human telomerase (hTERT)-immortalized 
HPNE cell lines modified to express E6/E7 alone and with KRas were obtained 
from Michel Ouellette (University of Nebraska, Omaha, NE, USA) and cultured as 
previously described. 44 Briefly, HPNE cells were cultured in one volume of medium 
M3, three volumes of glucose-free DMEM, 5% fetal bovine serum (FBS), 5.5 mM 
glucose, 10 ng/ml EGF, and 50^g/ml gentamycin. Medium M3 is a defined 
proprietary formulation optimized for the growth of neuroendocrine cells (InCell 
Corp, San Antonio, TX, USA). Panc-1, ASPC-1, Capan-2, and CFPAC-1 
pancreatic cancer cell lines and L929 murine fibrosarcoma cells were obtained 
from the American Type Culture Collection (Rockville, MD, USA) and maintained 
in RPMI supplemented with 10% FBS. Female nude mice (BALB/c background) 
were purchased from Harlan (Indianapolis, IN, USA). 

Antibodies and chemicals. Antibodies were obtained from the following 
commercial sources: anti-tubulin (Sigma, St. Louis, MO, USA); anti-cleaved 
caspase-3, anti-caspase-12, anti-PERK, anti-p-PERK, anti-p-eif2a, and 
anti-eif2a (Cell Signaling Technology, Beverly, MA); anti-GRP78/BiP, anti- 
PDI, anti-ERp57, and anti-calreticulin (Epitomics, Burlingame, CA, USA); 
anti-caspase-4 (Assay Designs, Ann Arbor, Ml, USA); and anti-ubiquitin, 
anti-GADD34, and anti-KRas (Santa Cruz Biotechnology, Santa Cruz, CA, USA). 
Anti-reovirus antibody and Reolysin were kindly provided by Oncolytics Biotech 
Inc. (Calgary, AB, Canada). Horseradish peroxidase-conjugated secondary 
antibodies for immunoblotting were obtained from Amersham Pharmacia Biotech 
(Piscataway, NJ, USA). Alexa Fluor 488 rabbit anti-goat and Alexa Fluor 594 
goat anti-mouse were obtained from Molecular Probes (Eugene, OR, USA). BZ 
was purchased from the Cancer Therapy and Research Center (CTRC) 
pharmacy (San Antonio, TX, USA). Tunicamycin and brefeldin A were obtained 
from Sigma. 

Immunocytochemistry. Pancreatic cells were plated on chamber slides 
prior to Reolysin or BZ exposure. Cells were fixed with 4% paraformaldehyde, 
permeabilized using 0.2% Triton X-100, and incubated overnight with anti-reovirus 
or anti-ubiquitin antibodies. Fluorescent secondary antibodies were used to 



visualize protein localization. Images were captured using an Olympus fluorescent 
microscope (Olympus, Center Valley, PA, USA) with a DP71 camera and a x 40 
objective. 

Transmission electron microscopy. Cells were treated with Reolysin or 
BZ for 48 h and processed for electron microscopy. Sections were cut in an LKB 
Ultracut microtome (Leica, Deerfield, IL, USA), stained with uranyl acetate and 
lead citrate, and examined in a JEM 1230 transmission electron microscope (JEOL 
USA Inc., Peabody, MA, USA). 

Immunoblotting. Cell pellets were harvested and lysed using Triton X-100 
lysis buffer (1% Triton X-100, 150mM NaCI, 25 mM Tris (pH 7.5)). Approximately 
50 ^g of total cellular protein from each sample were subjected to sodium dodecyl 
sulfate polyacrylamide gel electrophoresis. Proteins were transferred to 
nitrocellulose membranes, and the membranes were blocked with 5% nonfat 
milk in a Tris-buffered saline solution containing 0.1% Tween-20 for 1 h. The blots 
were then probed overnight with relevant antibodies, washed, and probed with 
species-specific secondary antibodies coupled to horseradish peroxidase. 
Immunoreactive material was detected by enhanced chemiluminescence (Protein 
Simple, Santa Clara, CA, USA). Densitometry analysis to quantify band intensity 
was performed using an Alpha Innotech FluorChem HD2 gel documentation 
system (Alpha Innotech, Santa Clara, CA, USA). 

Quantification of drug-induced cytotoxicity. Cell viability was 
assessed by MTT assay and quantified using a BioTek microplate reader 
(BioTek, Winooski, VT, USA). Pro-apoptotic effects were quantified by PI staining 
and FACS analysis of sub-Go^ DNA content as previously described. 45 

siRNA experiments. Caspase-4 and non-target SMARTpool siRNA were 
obtained from Dharmacon (Lafayette, CO, USA). Cells were transfected with 
100nM of each siRNA using Oligofectamine (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer's protocol. Transfected cells were incubated for 24 h 
and then treated with Reolysin, BZ, or the combination for 48 h. Efficiency of 
caspase-4 knockdown was measured at 48 h by immunoblotting. 

Quantitative real-time polymerase chain reaction. cDNA from 
Reolysin- or BZ-treated cells was used for relative quantification by RT-PCR 
analyses. cDNA synthesis was performed from 1 /ig RNA in a 20-yul reaction 
mixture using the high-capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Foster City, CA, USA). CHOP (DDIT3), GADD34 (PPP1R15A), 
GRP78/BiP (HSPA5), calreticulin (CALR), PDI (P4HB), ERp57 (PDIA3), and 
GAPDH or fi-actin transcripts were amplified using commercially available 
TaqMan Gene expression assays (Applied Biosystems). XBP-1s qRT-PCR was 
designed to span the 26-bp intron to anneal only the spliced mRNA. Primers and 
TaqMan probe sequences are as follows: forward primer: 5'-cctggttgctgaagaggag- 
3'; reverse primer: S'-agtcaataccgccagaatcc-S'; probe: 5'(Fam)-cctgcacctgctgcg- 
gactc-3'(Tamra). Relative gene expression was calculated with the 2~AA c t 
method using GAPDH as a housekeeping gene. 

Measurement of intracellular Ca 2+ levels. Panc-1 and CFPAC-1 cells 
were treated with Reolysin, BZ, or both for 16 h. Cells were collected, washed in 
PBS, and incubated with 1 /^mol/l calcium green-1 (Invitrogen) for 30 min. 
Fluorescence was quantified using a FACSCanto II with CellQuest Pro Software 
(BD Biosciences, San Jose, CA, USA). 

Implantation of tumor cells and treatment schedule. Panc-1 
pancreatic cancer cells were harvested from culture flasks and transferred to 
serum-free HBSS. Tumor cells (1 x 10 7 cells) were injected into the right flank of 
female nude mice and allowed to establish tumors. Following tumor formation, 
animals were pair matched by tumor size and placed into groups of eight mice. 
Animals were then treated by i.v. injection of 0.5 mg BZ per kg every 72 h, 5 x 10 8 
TCID 50 Reolysin once a week, or both agents for 5 weeks. Tumor volume and 
animal weight measurements were recorded twice weekly. Tumor tissue was 
collected for immunohistochemistry (IHC) and electron microscopy at the end of 
the study. 

Terminal deoxyribonucleotide transferase-mediated dUTP nick 
end labeling assay. DNA fragmentation in tumor samples was analyzed 
using an FITC-labeled terminal deoxyribonucleotide transferase-mediated dUTP 
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nick end labeling (TUNEL) assay kit (Promega, Madison, Wl, USA) according to 
the manufacturer's instructions. PI was used to counterstain the nucleus. Images 
were captured with an Olympus fluorescent microscope (Olympus) with a DP71 
camera and a x 20 objective. Percentages of TUNEL-positive cells were 
determined by manual counting of five random fields per section. 

Immunohistochemistry. Paraffin-embedded tumor sections were 
deparaffinized in xylene and a graded series of alcohol and rehydrated in PBS. 
Heat-induced epitope retrieval on paraffin-embedded sections was performed by 
microwaving slides in a citrate buffer for 5min. Endogenous peroxides were 
blocked with a 3% hydrogen peroxide solution for 10min. Slides were placed in a 
protein block solution (5% horse and 1% goat serum in PBS) for 20min, followed 
by incubation with GRP78/BiP antibody at 4 °C overnight. After washing with PBS, 
slides were incubated in a goat anti-rabbit HRP-conjugated secondary antibody for 
1 h at ambient temperature. Positive reactions were visualized using 
S^'-diaminobenzidine (Dako, Carpinteria, CA, USA) for 10min. The slides were 
rinsed with water and counterstained with Gill's hematoxylin (Sigma). Images were 
captured using an Olympus fluorescent microscope with a DP71 camera and a 
x 20 objective. Image-Pro Plus software version 6.2.1 (MediaCybernetics, 
Bethesda, MD, USA) was used for image acquisition. ImageJ software was used 
for quantification of GRP78/BiP levels by densitometric analysis of five random 
fields containing viable tumor cells. 

Statistical analyses. Statistical significance of differences observed between 
samples was determined using the Tukey-Kramer comparison test or the 
Student's f-test. Differences were considered significant in all experiments at 
P<0.05. 
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